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1 INTRODUCTION  
Nowadays the constant concern of saving natural resources and reduce waste production is 
promoting an increase on the recycling of the used materials. Industries and the Society are very 
focused on finding the right treatment for waste materials. On the asphalt paving industries, the 
effort has been concentrated in the incorporation of reclaimed asphalt (RA) material in new 
mixtures. 
The incorporation of RA have been studied by a significant number of authors with the prin-
cipal objective of increasing the percentage of RA in new mixtures (Celauro et al., 2010, Shu et 
al., 2012, Su et al., 2009, Abreu et al., 2015). The incorporation of RA have numerous ad-
vantages, namely, the reduction of costs when compared with the production of new mixtures 
(Chiu et al., 2008), the reduction of space needed to dispose of the waste from pavement reha-
bilitation (saving money and the environment) and the reduction of the environmental impact 
(lower consumption of natural resources and its associated emissions).  
However some disadvantages can be also pointed out to the incorporation of high percent-
ages of RA (above 20%). The fact that the material may be heterogeneous implies the need for 
a correct treatment before the incorporation in new mixtures. Some studies mention different 
ways to treat the RA before the incorporation in order to mitigate the effect of this issue 
(Aravind & Das, 2007, Oliveira et al., 2012, Abreu et al., 2013). Other disadvantage is related 
with the aged bitumen present in that material that normally implies the use of a virgin bitumen 
softer than the conventional bitumens normally used and, in some cases, the use of rejuvena-
tors.  
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ABSTRACT: The recycling of pavements is nowadays a very important question to the road 
paving industry. With the objective of incorporating higher percentages of reclaimed asphalt 
(RA) materials in recycled asphalt mixtures, new techniques have been developed in the last 
years. The use of foamed bitumen is normally associated with the production of cold asphalt 
mixtures, which usually show lower quality standards. However, the objective of the work pre-
sented in this paper is to assess the use of foamed bitumen as the binder of warm asphalt mix-
tures incorporating 30% RA, which have quality standards similar to those of conventional 
mixtures. Thus, five mixtures have been produced with 30% RA, one of them with a conven-
tional bitumen (control mix) and the others with foamed bitumen at different production tem-
peratures. The mixtures were tested for compactability and water sensitivity and the results 
show a possible reduction of 25 ºC in the production temperatures, while the water sensitivity 
test results were kept close to 90 %. 
Another problem that results from the incorporation of high percentages of RA is the in-
crease on the heating temperature of the virgin aggregates. This is due to the fact that the virgin 
aggregates have to be overheated in order to transfer part of the temperature to the RA material 
that is normally introduced in the mixing chamber at ambient temperature. Using this proce-
dure, it is possible to mitigate the ageing effect of the temperature on the bitumen (which is al-
ready significantly aged by the time it has been exposed to oxygen and sun light in the road 
pavement). In recent studies, the RA material has been divided into two fractions (coarse and 
fine, separated in the 10 mm sieve) and the coarse fraction is heated together with the virgin 
aggregates while the fine fraction is kept at ambient temperature up to the moment it is intro-
duced in the mixer (Abreu et al., 2015, Oliveira et al., 2012, Palha et al., 2013). The main rea-
son that justifies this procedure is the fact that the fine fraction contains a significantly higher 
percentage of bitumen, which can thus be preserved from unwanted ageing, and the production 
rates can be increased by reducing the mixing time (needed for the temperature transfer to oc-
cur), since a higher proportion of material is heated up. 
To reduce the production temperature new techniques have been recently used. The mixtures 
produced at lower temperatures are known as warm mix asphalt (WMA). These techniques 
have been pointed out as a solution to reduce energy consumption and greenhouse gas emis-
sions, to improve the working conditions, to improve the workability of the mixtures, and to in-
crease time available to apply and compact the mixtures (Zaumanis et al., 2012, D’Angelo et 
al., 2008, Rubio et al., 2012). These techniques can be classified, according to the production 
process, into: i) utilization of organic additives; ii) utilization of chemical additives or iii) foam-
ing processes (Sengoz et al., 2013, Zaumanis et al., 2012, He & Wong, 2007). In terms of foam-
ing processes they can be differentiated between water-containing technologies, e.g., by using a 
synthetic zeolite, and water-based technologies where the water is directly injected into the hot 
bitumen (Rubio et al., 2012). 
The process of injecting water into the hot bitumen originates an expansion on the bitumen 
known as foamed bitumen (FB). This technique can be used as a stabilizing and recycling agent 
with a variety of materials, which can be a good quality material or with not so appropriated 
materials (He & Wong, 2006). When producing FB, the characteristics that are important to 
control are the expansion ratio (ER) and the half-life (HL) (Jenkins, 2000). The ER is a relation 
between the volume of the bitumen after expansion and the initial volume of bitumen. Normally 
the foamed bitumen is characterized by the maximum expansion ratio (ERmax) that represents 
the maximum volume obtained. The half-life (HL) is the elapsed time between the moment that 
the foam was at its maximum volume and the time when this volume reduces to a half of that 
value. It gives an idea of the time available to produce the mixture (Brennen et al., 1983). Other 
index that are referred to as important to analyze the results of the foaming process is the foam 
index (FI), that was defined by Jenkins (2000) as the area below the decay curve of a bitumen 
with some restrictions. The highest FI is normally associated to a better bitumen in terms of 
foaming characteristics. Foam promoting additives may be necessary to increase the half-life 
time in order to obtain an appropriate mixture (aggregates fully covered by the bitumen). 
In the present paper, the possibility of using FB as a binder to produce asphalt mixtures with 
incorporation of 30% RA at temperatures lower than those normally used, has been tested. The 
expansion characteristics of the bitumen with and without foaming additive and its basic char-
acteristics have been evaluated and the effect of the production temperature has been assessed 
by testing different asphalt specimens for compactability and water sensitivity. 
2 MATERIALS AND METHODS  
2.1 Materials 
A virgin 70/100 bitumen has been chosen because of the need of soften the aged bitumen pre-
sent on the RA. The new aggregates are granite igneous rocks and the filler is limestone; the 
use of those aggregates was justified by the proximity of their sources to the laboratory and to 
the asphalt plant. 
In terms of RA, the material results from milling off the surface layer of a highway pavement 
and was subsequently separated between a fine and a coarse fraction by a classifier with a mesh 
of 10 mm. 
2.2 Methods 
2.2.1 Foamed Bitumen production process 
In this study, a Wirtgen WLB 10 S lab scale plant was used to produce the foamed bitumen, 
which injects water and air into hot bitumen in an expansion chamber, promoting the formation 
of bitumen foam. The equipment manufacturer mentioned that it has been developed to a labor-
atory scale with the objective of making the analysis of the FB characteristics in small scale 
possible, but it is similar to the equipment used in a normal scale (Wirtgen, 2008). 
In order to increase the stability (measured by the half-life) of the foamed bitumen, a specific 
additive, already tested by other authors like Hailesilassie et al. (2015), was used. The air pres-
sure was maintained at 5.5 bar (default value), the percentage of water used was 3 % (by  mass 
of bitumen) and the bitumen temperature was 150 °C. 
2.2.2 Selection of the mixing temperature 
Taking the importance of the mixing temperature to the production of WMAs into considera-
tion and the need to better understand the role of foamed bitumen in the behavior of the mix-
tures, compactability and water sensitivity tests have been carried out. Thus, four mixtures were 
produced (with 30% RA and foamed bitumen) at different temperatures. A control hot mix as-
phalt (HMA) mixture (with 30% RA and a 70/100 pen virgin bitumen without being foamed) 
was also produced for comparison. 
The production of the mixtures with incorporation of RA was carried out taking into account 
that further ageing of the bitumen present in the RA should be avoided. Thus, the fine RA frac-
tion was introduced in the mixture at ambient temperature and only the new aggregates and the 
coarse RA fraction have been heated (Table 1). To mitigate the ageing effect of heating, the 
time during which the coarse RA fraction was submitted to high temperatures was limited to 
two hours. 
 
 
Table 1. Reference and real temperatures of the mixtures produced. ________________________________________________________________________________________________________ 
Mixture  Ref. Temp.  Real Temperatures (ºC)      ___________  ______________________________________________________________________________ 
    ºC     New aggregates Coarse Fraction Fine Fraction  Production  Compaction ________________________________________________________________________________________________________ 
FB160  160.0   212.3    206.8    20.5     160.0   146.8 
FB150  150.0   195.6    179.7    20.1     145.0   133.0  
FB140  140.0   181.8    178.8    19.5     138.0   122.5 
FB130  130.0   167.5    166.8    17.9     125.0   108.6 
Control  160.0   211.8    211.0    25.3     165.8   146.6 ________________________________________________________________________________________________________ 
 
 
In order to maintain the homogeneity of the specimens produced at each studied temperature 
(the bitumen content of the RA material and the amount of foamed bitumen injected by the 
foaming equipment may vary slightly amongst different samples), all specimens of a specific 
temperature were manufactured from the same batch (3 specimens for compactability tests and 
the other 6 for water sensitivity tests). 
The compactability tests (EN 12697-10) were carried out using a Marshall Impact compactor 
(EN 12697-30) with a measuring device for automatically recording the thickness of the speci-
men after each compacting blow. The compaction of the specimens comprised the application 
of a total of 200 blows. 
For the water sensitivity tests, 6 specimens were used in accordance with the EN 12697-12 
standard, according to which, two groups of three specimens are tested for the indirect tensile 
strength (ITS) after a different conditioning period (three specimens are kept dry and the others 
three are kept in water). In this particular study, a curing period of 36 hours was used for all 
specimens prior to the tests, during which they were at room temperature. With this test it is 
possible to assess the loss of strength of the mixtures when in contact with water, by determin-
ing the ratio between the indirect tensile strength of the wet specimens and the dry specimens 
(ITSR), which is an indicator of the durability of the mixtures when applied in a real context. 
3 RESULTS AND DISCUSSION  
3.1 Foamed bitumen characteristics 
As previously mentioned, a foam promoting additive was used in this study. The main charac-
teristics of the foamed bitumen produced with and without the additive are presented in Table 
2. It can be observed that the expansion ratio (ERmax) is not significantly affected by the in-
corporation of the additive, but half-life (HL) has increased more than 4 times, which is a good 
advantage to the production of mixtures with this technique. The foam index (FI) obtained 
show the importance of the HL on the analysis of the expansion process, and prove the im-
portance of the use of a foam promoting additive. 
 
 
Table 2. Expansion characteristics of foamed bitumen.  ______________________________________________________________________ 
Bitumen        ERmax   Half-life   Foam Index                                ___________________________ 
               sec    sec ______________________________________________________________________ 
70/100        20.0    10.5    392.1 
70/100 + 0.1% Additive  17.0    47.3    671.5 ______________________________________________________________________ 
 
 
Both bitumens were also tested in terms of rheological characteristics and the higher limit 
PG grade of both bitumens was 64 ºC, confirming that the additive does not affect the proper-
ties of the virgin bitumen. 
3.2 Compactability test results 
The compactability test results show the evolution of the air void content of a specimen during 
the compaction process for a specific temperature. Repeating this procedure for a series of dif-
ferent temperatures is important to understand how the temperature may influence the worka-
bility of the mixture and, consequently, the porosity of the mixture. Based on the results ob-
tained (Figure 1), it is possible to see that the difference in terms of air voids content is not 
significant for the mixtures produced with FB at 160 and 150 ºC. In fact the results are very 
similar to those of the control mixture. However, for the mixtures produced at 140 and 130 ºC, 
a higher air void content was obtained. In order to compare the results to those of the specimens 
prepared for the water sensitivity tests, the air void content should be measured after 150 blows, 
which is equivalent to the compaction energy used in the Marshall compaction by applying 75 
blows in each face of the specimen, as presented in Table 3. 
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Figure 1. Compactability test results of the studied mixtures. 
 
 
Table 3. Air voids content of the specimens after 150 compacting blows. ______________________________________________________________________________________________ 
FB160   FB150   FB140   FB130   Control ______________________________________________________________________________________________ 
Air voids content (%)   3.3    3.4    4.4    3.9    3.5 ______________________________________________________________________________________________  
3.3 Water sensitivity test results 
The value of air voids content is closely related to the water sensitivity of asphalt mixtures. 
Thus, all specimens used for this test were also volumetrically characterized (Table 4). As can 
be observed, the results obtained are similar to those of the compactability test specimens. The 
main differences are observed for the FB130 mixture, as a result of the lower production tem-
perature. 
 
 
Table 4. Air voids content of the specimens used in the water sensitivity tests. ______________________________________________________________________________________________ 
FB160   FB150   FB140   FB130   Control ______________________________________________________________________________________________ 
Air voids content (%)   3.5    3.1    4.7    4.9    3.2 ______________________________________________________________________________________________  
 
 
The water sensitivity test results are shown in Figure 2, where it is possible to see that the 
ITSR values of the mixtures produced with foamed bitumen are slightly more influenced by the 
presence of water than the control mixture. Nevertheless, the results obtained for the mixtures 
produced at 140 ºC and above showed very interesting ITSR values (above 85%). The lower 
ITSdry values of the mixtures produced at 140 and 130 ºC may be related to the higher air void 
contents of those mixtures, even though it did not significantly affect the ITSR of the FB140 
mixture. Thus it can be concluded that it is possible to produce recycled asphalt mixtures with 
30% RA with foamed bitumen, reducing the production temperature by 20 ºC without signifi-
cantly affecting the volumetric properties of the mixtures and their water susceptibility. 
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Figure 2. Water sensitivity test results. 
4 CONCLUSIONS 
The use of foamed bitumen in the production of asphalt mixtures with incorporation of 30% 
RA material have been tested and the results show that this technique could be a good option to 
reduce the production temperatures of this type of mixtures. 
Up to a reduction of 20 ºC on the production temperatures, the mixtures with foamed bitu-
men showed similar properties to those of the control mixture produced with conventional hot 
bitumen. Thus it can be concluded that this type of binder can be efficient in reducing the pro-
duction temperature of mixtures with RA incorporation, reducing the possibility of inducing 
undesirable ageing on the bitumen present in the RA material which is already hard and brittle. 
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